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Gene expression levels can be subject to selection.We hypothesized that the age of gene origin is associated with expression constraints,
given that it affects the level of gene integration into the functional cellular environment. By studying the genetic variation affecting
gene expression levels (cis expression quantitative trait loci [cis-eQTLs]) and protein levels (cis protein QTLs [cis-pQTLs]), we determined
that young, primate-specific genes are enriched in cis-eQTLs and cis-pQTLs. Compared to cis-eQTLs of old genes originating before the
zebrafish divergence, cis-eQTLs of young genes have a higher effect size, are located closer to the transcription start site, are more signif-
icant, and tend to influence genes in multiple tissues and populations. These results suggest that the expression constraint of each gene
increases throughout its lifespan. We also detected a positive correlation between expression constraints (approximated by cis-eQTL
properties) and coding constraints (approximated by Ka/Ks) and observed that this correlation might be driven by gene age. To uncover
factors associated with the increase in gene-age-related expression constraints, we demonstrated that gene connectivity, gene involve-
ment in complex regulatory networks, gene haploinsufficiency, and the strength of posttranscriptional regulation increase with gene
age. We also observed an increase in heritability of gene expression levels with age, implying a reduction of the environmental compo-
nent. In summary, we show that gene age shapes key gene properties during evolution and is therefore an important component of
genome function.Introduction
Variation in gene expression can contribute significantly
to phenotypic diversity at the cellular and organismal
levels,1,2 thus making it subject to selection.2–6 Negative
selection, which fluctuates from relaxed to stringent, is
considered to be the primary evolutionary force that acts
on maintaining gene expression patterns across mamma-
lian species.7,8 Investigation of intraspecies expression
constraints is beneficial because it can uncover an addi-
tional class of deleterious regulatory variants that have a
low probability of fixation but can segregate in the popula-
tion.9,10 Selection acting on intraspecies gene expression
variation has been investigated with different approaches.
Gene expression changes can be estimated directly by
the measurement of mRNAs and proteins or indirectly
through the analysis of the genetic control of mRNA
expression variation or protein abundance variation in
cis (cis expression quantitative trait loci [cis-eQTLs] and
cis protein QTLs [cis-pQTLs]) and in trans (trans-eQTLs
and trans-pQTLs).11–13
Recently, we observed that cis-eQTLs affecting human
long intergenic noncoding RNA (lincRNA) genes are
more abundant and have a stronger effect than protein-
coding genes.14 Because the majority of human lincRNAs1Department of Genetic Medicine and Development, University of Geneva M
Genetics and Genomics in Geneva, 1211 Geneva, Switzerland; 3Institute for In
of Sciences, Moscow 127994, Russia; 4Swiss Institute of Bioinformatics, 1211 Ge
New York, NY 10013, USA; 6Department of Systems Biology, Columbia Univers
Council Functional Genomics Unit, Department of Physiology, Anatomy an
Centre for Human Genetics, University of Oxford, Oxford OX3 7BN, UK; 9Sch
bievy Gory 1-73, Moscow 119992, Russia; 10Center of Excellence in Genomic
*Correspondence: konstantin.popadin@unige.ch (K.Y.P.), stylianos.antonaraki
http://dx.doi.org/10.1016/j.ajhg.2014.11.003. 2014 by The American Societ
660 The American Journal of Human Genetics 95, 660–674, Decembare primate-specific genes15 and are therefore significantly
younger than the majority of protein-coding genes, we
propose that lincRNAs might reflect some common prop-
erties of young genes. In order to investigate the changes
in expression constraints of protein-coding genes in the
context of gene age, we analyzed the variation in expres-
sion levels and genetic regulation of expression of both
mRNAs and proteins and stratified them by gene age.
We have demonstrated that gene age is associated with a
spectrum of traits related to expression variation, distribu-
tion, and properties of cis-eQTLs. Our results indicate that
(1) young primate-specific protein-coding genes are en-
riched in cis-eQTLs; (2) cis-eQTLs of young genes have a
strong effect size, are located proximally to the transcrip-
tion start site (TSS), and have highly significant p values;
(3) cis-eQTLs of young genes tend to influence genes in
multiple tissues and populations; and (4) expression con-
straints (approximated by cis-eQTLs properties) and coding
constraints (approximated by Ka/Ks) of genes correlate with
each other andwith gene age.We propose that gene expres-
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as a result of the gradual integration of the gene into a func-
tional cellular network. We have determined that gene
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and the strength of posttranscriptional regulation increase
with the age of a gene and are marked by a depletion of
cis-eQTLs. Additionally, we observed that gene-expression
heritability increases with gene age, reflecting a diminish-
ing influence of environment on expression level associ-
ated with gene age. In summary, our findings suggest that
gene expression constraints increase significantly with
gene age, reflecting gradual integration of a gene into a
functional cellular network and strongly influencing ge-
netic regulation of human gene expression.Material and Methods
cis-eQTLs from the GenCord Collection
In brief, we collected umbilical cord and cord blood samples of 195
unrelated newborn European individuals in order to derive three
cell types: primary fibroblasts, lymphoblastoid cell lines (LCLs),
and primary T cells. Genotype and RNA sequencing data were
used and analyzed as described previously.11,14 cis-eQTL calls
were performed by Spearman rank correlation. The presence or
absence of cis-eQTLs for each gene was derived at a 10% false-dis-
covery-rate level from the GenCord study, and 15.9%–26.6% of
genes expressed in fibroblasts, LCLs, and T cells were found to
have cis-eQTLs (among 13,043, 12,693, and 13,274 genes, ex-
pressed in fibroblasts, LCLs, and T cells, respectively, we found
2,433, 3,372, and 2,115 genes, respectively, with cis-eQTLs). The
GenCord study has been approved by the ethics committee of
the University of Geneva.
Effect Size of cis-eQTLs, Loss-of-Expression cis-eQTLs,
and Gain-of-Expression cis-eQTLs
Using ancestral nucleotides from the 1000 Genomes Project, we
categorized all cis-eQTL alleles as ancestral (A) or derived (D). We
calculated the effect size of each cis-eQTL as the slope of a linear
model between the number of derived alleles (AA ¼ 0, AD ¼ 1,
DD ¼ 2) and the expression level of the exon used for the cis-
eQTL call. Loss-of-expression (LOE) cis-eQTLs have negative slopes,
whereas gain-of-expression (GOE) cis-eQTLs have positive slopes.
Gene Age
The age of each gene in the human genomewas collected from the
human protein-coding gene-age annotation,16 where each gene
was coded from 0 (the oldest, originating before the zebrafish
divergence) to 12 (the youngest, human-specific genes). A specific
branch for each gene was assigned according to a parsimony rule
applied to best-to-best matches between human and outgroup
genes. This approach is independent of gene-annotation quality
of outgroup species and robust to gene translocations.
Permutation Analysis
cis-eQTLs in the GenCord collection were called on the basis of
exon expression levels. Because the number of exons can influ-
ence the probability that a gene will have cis-eQTLs, we performed
a permutation analysis to control for this. In order to simulate an
expected distribution of cis-eQTLs in each gene-age category, we
coded each exon as 1 if it had a cis-eQTL and as 0 if it did not
have a cis-eQTL (across all genes). Thereafter, we randomly shuf-
fled this vector (presence or absence of cis-eQTLs per exon) and re-
constructed the presence or absence of cis-eQTLs on the level of
each gene as follows: if at least one exon had a cis-eQTL, theThe Americangene was coded as 1, and if no exon had a cis-eQTL, the gene
was coded as 0. Using this approach, we accounted for gene struc-
ture (number of exons per gene). After 100,000 permutations, we
obtained an expected distribution of cis-eQTLs under the assump-
tion that the probability of having a cis-eQTL was the same for
each exon. This distribution is depicted as dashed lines in Figure 1
for each gene-age category. The observed decrease in the expected
fraction of cis-eQTL genes (genes with cis-eQTLs) among young
genes (Figure 1) reflects the small number of exons in young genes.
cis-pQTLs
Lists of cis-pQTL and non-cis-pQTL genes were obtained from the
combined data set of Wu et al.12
Variance in mRNA Expression Levels and Protein
Levels
The variance in expression levels of mRNA and protein levels has
been estimated for 3,390 genes expressed in LCLs in between three
and five human individuals (Table S4 in Khan et al.17). No data for
young genes were available in the study.17
Analyses of Matched Gene Pairs
To eliminate the influence of cis-eQTL effect size on the pattern of
tissue specificity of cis-eQTL genes, we compared pairs of young
and old genes matched by their cis-eQTL effect size. First, for
each young gene, we found a middle-aged (or old) gene with a
cis-eQTL of the most similar effect size. Second, for each gene of
a matched pair, we counted the number of cell types (one to three)
from the GenCord collection in which the given gene had a cis-
eQTL and calculated the difference (2 to 2) between the young
andmiddle-aged (or old) gene from each pair. Finally, we obtained
nine distributions of the difference (three cell types versus three
possible comparisons: middle aged versus old, young versus mid-
dle aged, and young versus old).
In the derived-allele-frequency (DAF) analysis, we merged the
young and middle-aged genes and then paired them with old
genes according to the effect size of their cis-eQTLs.
In the population analysis, we performed a similar comparison
of gene pairs matched by effect size. First, we split all cis-eQTL
genes into unique (present in only one population) and popula-
tion shared (present in two or more populations). The genes
from the first group were coded as 1, and genes from the second
group were coded as 2. Second, for each young cis-eQTL gene,
we found an old cis-eQTL gene with a similar effect size. Third,
in each matched gene pair, we obtained the difference in the level
of population sharing between young and old genes.
In the expression-level analysis, we performed a comparison of
gene pairs matched by expression level.
In all analyses, we controlled for the absence of a statistically sig-
nificant difference (p> 0.05) in cis-eQTL effect sizes (or expression
levels) of the matched groups of genes by using the paired Mann-
Whitney U test.
Ka/Ks
We used the Ka/Ks values obtained from the human-macaque
divergence for each protein-coding gene from Ensembl. Genes
with Ka/Ks values greater than 1 were not analyzed.
Binary Logistic Regression Model
The model was run with the ‘‘glm’’ function in R with scaled vari-
ables: glm_results ¼ glm(gene_age ~scale(Ka/Ks) þ scale(log10(pJournal of Human Genetics 95, 660–674, December 4, 2014 661
Figure 1. Distribution of cis-eQTL Genes Is Associated with
Gene Age
The three upper panels represent changes with gene age in the
fraction of cis-eQTL genes in three cell types from the GenCord
collection. The bottom panel represents the phylogenetic tree;
the branch of origin of each gene is numbered from 0 (oldest) to
12 (youngest; modified from Zhang et al.16). There is a deficit of
cis-eQTL genes among old genes (branch 0) and an excess among
young genes (branches 8–12). 95% confidence intervals and me-
dians obtained from 100,000 permutations are plotted by short
and long dashes, respectively. The number of cis-eQTL genes
with the total number of expressed genes is presented for each
age category.
662 The American Journal of Human Genetics 95, 660–674, Decembvalue), family ¼ binomial()). gene_age contains 0s and 1s, which
correspond to old and young to middle-aged genes, respectively.
The radii of circles were obtained with the ‘‘predict’’ function:
probability_of_a_gene_to_be_young_or_middle-aged < - predict
(glm_results, type ¼ ‘‘response’’).
Gene Coexpression Networks and Connectivity
We used the Weighted Gene Co-expression Network Analysis
(WGCNA) approach18 implemented in the R package WGCNA
version 1.11-3.19 Each node in the network represents a gene,
and the weight of the connection between two nodes is a function
of the Pearson correlation between the expression levels of the two
genes. The connectivity of a gene is defined as the sum of the
weights of the node representing this gene.
Genes Involved in Complex Regulatory Networks
Lists of genes involved in complex regulatory networks (discor-
dant genes, described in Pai et al.20) were provided by Athma Pai.
Network Proximity to Haploinsufficient Genes
To derive network proximity to haploinsufficient genes, we first
used total connectivity from COXPRESdb21 while considering all
gene links with correlation rR 0.3, which gave 3,566,815 links be-
tween 15,278 Ensembl genes. Second, using the list of known hap-
loinsufficient genes (297 genes from Dang et al.22), we estimated
connectivity to haploinsufficient genes as the number of links
with haploinsufficient genes.
Partial Spearman Correlation
Partial Spearman correlations were estimated with R package
ppcor. The partial correlation reflects the relationship between
two variables while controlling for other variables. Although par-
tial correlation can produce spurious results when applied to noisy
data,23 it was our method of choice because gene age in our data
set is a categorical variable, and as such, we could not use standard
multiple regression analysis. First, we estimated partial Spearman
correlation between Ka/Ks and cis-eQTL significance while control-
ling for gene-age effect. Second, we estimated partial Spearman
correlation between gene age and three variables: Ka/Ks, connec-
tivity (total connectivity from COXPRESdb21), and expression
level (mean expression level from GenCord cell types with
nonzero expression of a given gene) for 9,760 genes. All statistical
analyses were performed in R.Results
To assess the selection acting on the expression levels of
different human genes, we took advantage of several
expression data sets describing variation in mRNA expres-
sion and protein levels, cis-eQTLs, and cis-pQTLs in
different tissues and populations. For variation in both
mRNA expression and protein levels, we used a data set
of 3,390 genes, expressed in LCLs of three to five human
individuals.17 For cis-eQTLs, we used the data from our
GenCord collection of three cell types (fibroblasts, LCLs,
and T cells) from 195 unrelated European individuals11
and cis-eQTLs described in LCLs of 270 individuals from
four HapMap populations.24 For cis-pQTLs, we used the
data from LCLs of 74 unrelated individuals.12er 4, 2014
Variation in mRNA and Protein Expression Levels
Decreases with Gene Age
Because gene age can reflect the level of integration of a
gene into the functional cellular environment25–28 and
can thus be related to gene expression constraints, we strat-
ified all human genes according to their age. Gene age was
retrieved from a phylogenetic tree in which the branch of
origin of each gene was established16 (Figure 1).
We analyzed interindividual variation in both mRNA
expression and protein levels by using data from 3,390
genes17 in the context of gene age (see Material and
Methods). We found that both mRNA and protein expres-
sion variations were more pronounced in younger genes
(positive rank correlations between the branch number
of origin of gene and mRNA or protein variance: p <
2.1 3 107, Spearman’s rho > 0.09; Figure S1A). These re-
sults are compatible with the recent finding that the
sequence up to 10 kb upstream of the TSS, containing
the majority of regulatory elements, is less constrained in
young genes than in old genes.28 In order to establish an
evolutionary explanation for the variable gene expression
levels associated with gene age, we analyzed the genetic
component of expression variation by using cis-eQTLs
and cis-pQTLs.
Presence and Properties of cis-eQTLs Are Associated
with Gene Age
For each gene-age category, we estimated the fraction of
cis-eQTL genes and observed the trend that this fraction
decreased with gene age: the oldest genes (branch 0)
were depleted 2-fold by cis-eQTLs in comparison to the
youngest genes (branch 12) (see bold lines in Figure 1). Tak-
ing into account that cis-eQTL calls were performed for
each exon separately and that young genes are shorter
and have fewer exons than old genes,29 we expected the
observed trend (Figure 1) to be even more pronounced
on the scale of exons. Indeed, comparing fractions of cis-
eQTL exons between genes of different ages, we saw a
strong positive correlation between the fraction and the
branch of origin of the gene (Spearman’s rank correlation
rho ¼ 0.90 [fibroblasts], 0.95 [LCLs], and 0.89 [T cells]; all
p < 2.2 3 1016; Figure S1B). Comparing two extreme cat-
egories of genes, we observed 6- to 8-fold enrichment of
young exons by cis-eQTLs (branch 0 versus branch 12:
4.8% versus 39.3% in fibroblasts, 7.0% versus 42.5% in
LCLs, and 4.1% versus 33.0% in T cells; Figure S1B).
Because the number of exons can influence the probability
that a gene will have a cis-eQTL, we performed a permuta-
tion analysis (see Material and Methods). A total of
100,000 permutations revealed that there was a lack of
cis-eQTL genes among older genes, originating at the old-
est branch (p < 1.0 3 105 for branch 0), and an excess
of cis-eQTL genes among younger genes, originating at
branch 8 and above (p < 0.05 for branches 8 [fibroblasts,
LCLs, and T cells], 9 [fibroblasts and T cells], and 10 [T
cells]; p % 1.0 3 105 for branches 11 [fibroblasts, LCLs,
and T cells] and 12 [fibroblasts, LCLs, and T cells]). OnThe Americanthe basis of the deviation of observed versus expected
fractions of cis-eQTL genes in the three cell types of the
GenCord collection (Figure 1), we further categorized
genes as old (i.e., those present at the origin of vertebrates
[branch 0]), young (i.e., those originating during primate
evolution toward human lineage [branches 8–12]), and
middle aged (branches 1–7). Notably, despite the semiarbi-
trary categorization of genes into young, middle aged,
and old, the vast majority of our subsequent analyses
remained significant when we performed a rank correla-
tion of a property of interest with the branch of origin of
genes.
Young genes are expressed at a lower level than old
genes.29 In order to eliminate potential bias due to gene
expression levels in our observations, we extracted pairs
of genes with the same expression level but different age
(young, middle aged, and old; see Material and Methods).
Thereafter, we analyzed only gene pairs discordant for cis-
eQTLs (i.e., one gene had a cis-eQTL, and the other did not)
and calculated an asymmetry in the distribution of cis-
eQTLs with respect to gene age. We found that the pro-
bability that younger versus older genes would have a
cis-eQTL was higher than the expected 50% in almost all
GenCord cell types and compared categories (Figure S1C).
The strongest and most significant effects (p% 0.01, bino-
mial test) were observed in comparisons of young versus
old and young versus middle-aged genes in fibroblasts
and T cells (Figure S1C). We conclude that irrespective of
expression level, young genes have an increased probabil-
ity of having a cis-eQTL.
Given that variation in protein levels increases among
recent-origin genes (Figure S1A), we expected that the frac-
tion of cis-pQTL genes would increase among young genes
in a manner similar to that of cis-eQTLs (Figure 1). Despite
the small number of recently described cis-pQTLs,12 we
observed that young and middle-aged genes together
showed more cis-pQTLs than did old genes (one-sided
Fisher’s odds ratio ¼ 1.8, p ¼ 0.039; Figure S1D). This asso-
ciation between gene age and cis-eQTLs and cis-pQTLs sug-
gests that young genes can tolerate more expression
changes.
If young genes allow extensive variation in expression,
we expect that they would be associated with stronger
cis-eQTLs. Because strong cis-eQTLs tend to be located
close to the TSS and tend to be highly significant,24 we
expect that all three characteristics of cis-eQTLs (effect
size, location, and p value) will be associated with gene
age. By comparing genes of different ages, we observed
that young genes had cis-eQTLs with a 1.6- to 2.3-fold
higher effect size than old genes (young versus old genes:
p ¼ 3.61 3 106 [fibroblasts], 0.0002 [LCLs], and 0.0120
[T cells]; young versus middle-aged genes: p ¼ 0.0001
[fibroblasts], 0.0057 [LCLs], and 0.0108 [T cells]; middle-
aged versus old genes: p ¼ 0.2032 [fibroblasts], 0.0524
[LCLs], and 0.7698 [T cells]; Mann-Whitney U test;
Figure 2A). Additionally, we found that cis-eQTLs of young
genes were located closer to the TSS (young versusJournal of Human Genetics 95, 660–674, December 4, 2014 663
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Figure 2. cis-eQTL Properties Are Associated with the Age of the Affected Gene
(A) cis-eQTL effect size (top panel), location (middle panel), and significance (bottom panel) differ among old, middle-aged, and young
genes in three cell types from the GenCord collection. Box plots do not show all outliers. The box plot whiskers extend to the most
extreme data point, which is not greater than 1.53 the interquartile range from the box. ***p < 0.001, **p < 0.01, *p < 0.05, and
,p < 0.1.
(B) Distribution of cis-eQTLs of young, middle-aged, and old genes.old genes: p ¼ 0.0492 [fibroblasts], 0.0062 [LCLs], and
0.0193 [T cells]; young versus middle-aged genes: all p >
0.5; middle-aged versus old genes: p ¼ 2.74 3 109 [fibro-
blasts], 2.2 3 1016 [LCLs], and 3.67 3 107 [T cells];
Mann-Whitney U test; Figures 2A and 2B) and were more
significant than cis-eQTLs of old and middle-aged genes
(young versus old genes: p ¼ 1.83 3 108 [fibroblasts],
1.11 3 109 [LCLs], and 4.29 3 1011 [T cells]; young
versus middle-aged genes: p ¼ 9.30 3 105 [fibroblasts],
9.48 3 105 [LCLs], and 1.85 3 106 [T cells]; middle-
aged versus old genes: p ¼ 8.82 3 107 [fibroblasts],
2.48 3 108 [LCLs], and 0.0002 [T cells]; Mann-Whitney
U test; Figures 2A and 2B).664 The American Journal of Human Genetics 95, 660–674, DecembThe direction of expression changes associated with the
derived allele of a cis-eQTL (LOE or GOE) affects the mode
of selection pressure.6 To test whether genes of different
ages differ in preferential direction of expression changes,
we compared the fractions of LOE and GOE cis-eQTLs be-
tween old and young genes (see Material and Methods).
We observed that young genes were enriched in LOE cis-
eQTLs (Figure S2). Considering that young genes evolve
under more relaxed expression constraints (Figures 1
and 2) and are thus more prone to accumulation of slightly
deleterious mutations, an excess of LOE cis-eQTLs (Fig-
ure S2) could indicate that loss of expression is on average
more deleterious than gain of expression.er 4, 2014
AB
Figure 3. cis-eQTL Tissue Specificity
(A) cis-eQTL effect size (top panel), location (middle panel), and
significance (bottom panel) differ among genes with cis-eQTLs
in one, two, or three cell types from the GenCord collection.
Box plots do not show all outliers. The box plot whiskers extend
to the most extreme data point, which is not greater than 1.53
the interquartile range from the box. ***p < 0.001.
The AmericanTo analyze the tolerance of genes to expression changes
in different cell types, we used a subset of ubiquitously ex-
pressed genes (genes expressed in at least 90% of samples
in all three cell types of the GenCord collection) with cis-
eQTLs in at least one cell type. For each gene, we counted
the number of cell types with a detectable cis-eQTL, and if
there was more than one such cell type, we also calculated
the average cis-eQTL effect size, the average cis-eQTL dis-
tance to the TSS, and the average cis-eQTL p value. We
found that genes with cis-eQTLs detectable in multiple
cell types were characterized by cis-eQTLs with a high ef-
fect size (the effect size of cis-eQTLs present in three cell
types was 1.63 higher than the effect size of cis-eQTLs pre-
sent in only one cell type), close proximity to the TSS, and
a highly significant p value (Figure 3A), which is consistent
with a previous observation.30 Additionally, our analysis
showed that the genes with cis-eQTLs in multiple tissues
were preferentially regulated by LOE cis-eQTLs (Figures
S3A and S3B). We noted that genes with cis-eQTLs in mul-
tiple tissues and young genes shared similar cis-eQTL prop-
erties: these cis-eQTLs were strong, located close to the TSS,
highly significant, and predominantly LOE cis-eQTLs
(Figure 2A versus Figure 3A; Figure S2 versus Figures S3A
and S3B). We hypothesized that genes with cis-eQTLs in
multiple tissues could be predominantly young genes,
and thus the pattern of cis-eQTL tissue specificity could
be shaped by gene age. To test this, we analyzed genes
with cis-eQTLs present in one, two, or three cell types in
the context of gene age (Figure 3B). We found that the frac-
tion of common cis-eQTL genes (genes with cis-eQTLs in
all three cell types) increased from 9% in the oldest genes
(branch 0) to 83% in the youngest genes (branch 12)
(Figure 3B). Furthermore, there was a significant positive
correlation between the branch of gene origin and the frac-
tion of tissue-shared cis-eQTL genes (Spearman’s rho ¼
0.88, p ¼ 6.33 3 105; Figure 3B). Moreover, comparing
matched pairs of old and young genes with cis-eQTLs of
the same effect size (seeMaterial andMethods), we demon-
strated that young genes tended to have cis-eQTLs in more
tissues than did old genes (Figure S3C), ruling out the pos-
sibility that the increased cis-eQTL effect sizes of young
genes explain the higher tissue-shared pattern of cis-eQTLs
of young genes. These data suggest that young genes can
tolerate expression changes in multiple tissues.
In order to dissect the selective constraints acting on cis-
eQTL variants, we estimated their time of origin in the
human population. Assuming that the primarymode of se-
lection on cis-eQTLs is negative selection, we hypothesized
that the oldest cis-eQTLs would be the most neutral. We
approximated the time of origin of cis-eQTL variants by
the DAFs (the higher the DAF, the older the allele)31 and
by their level of sharing among different populations(B) Tissue specificity of cis-eQTL genes is associated with gene age.
A total of 4,264 genes, expressed in all three cell types of the
GenCord collection and having a cis-eQTL in at least one cell
type, were taken into account.
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Table 1. Coefficients of the Binary Multiple Logistic Regression
a b g
Fibroblasts 1.667*** 0.604*** 0.198***
LCLs 1.695*** 0.710*** 0.224***
T cells 1.441*** 0.618*** 0.137*
***p < 0.001, *p < 0.05.(the more sharing between different populations, the older
the allele).32 First, we compared the DAF of GenCord cis-
eQTLs (ancestral allele information was obtained from
the European population of the 1000 Genomes Con-
sortium) between genes of different ages. Because detec-
tion of a cis-eQTL depends on its effect size and minor
allele frequency (MAF), we considered pairs of genes of
different ages but matched by their cis-eQTL effect size
(see Material and Methods). We did not observe significant
trends when comparing young genes with middle-aged
and old genes, probably as a result of the small sample
size (the numbers of young genes with a reconstructed
ancestral state of cis-eQTLs were 32 [fibroblasts], 47
[LCLs], and 40 [T cells] in the GenCord collection). How-
ever, when we combined young and middle-aged genes,
the expected trend was revealed: the increased DAF of
cis-eQTLs of young and middle-aged genes versus cis-
eQTLs of old genes in two of three cell types of the Gen-
Cord collection (p ¼ 0.010 [fibroblasts], 0.037 [LCLs],
and 0.640 [T cells]; number of analyzed pairs of genes ¼
289 [fibroblasts], 374 [LCLs], and 289 [T cells]; one-sided
paired Mann-Whitney U test). Second, we analyzed cis-
eQTLs from four different populations24 and categorized
ubiquitously expressed genes (genes expressed in all four
populations) according to the number of populations
(one to four) in which a gene had a cis-eQTL. We observed
an excess of population-shared cis-eQTL genes (genes with
cis-eQTLs in two or more populations) among young genes
(Spearman’s rho ¼ 0.61, p ¼ 0.035; Figure S3D). Analyzing
pairs of young and old genes matched by effect size (see
Material and Methods), we observed that cis-eQTLs of
young genes tended to be more population shared than
those of old genes (expected mean ¼ 0, observed mean ¼
0.19, p ¼ 0.035, Wilcoxon test; Figure S3E). These results
are compatible with our hypothesis that cis-eQTLs of
young genes are older than cis-eQTLs of old genes, indi-
cating that selection against variation in the expression
level of young genes is less effective.
Coding and Expression Constraints are Congruent
and Associated with Gene Age
In the analyses above, we determined that cis-eQTL pro-
perties are associated with gene age, which suggests an
increase in expression constraints with gene age. These re-
sults are complementary to a model of increased coding
constraints,26 which postulates relaxed coding constraints
of young genes and thus explains the inverse correlation
between the rate of coding sequence evolution and the
age of genes. Using our data set, we confirmed the positive
correlation between the branch of gene origin and Ka/Ks
(Spearman’s rho ¼ 0.34, p < 2.2 3 1016). To investigate
whether coding and regulatory constraints act in concor-
dance with each other or independently, we examined
the correlation between expression constraints, approxi-
mated by cis-eQTLs, and coding constraints, approximated
by Ka/Ks (see Material and Methods). We observed that
genes with cis-eQTLs (or cis-pQTLs) had 7%–15% (or666 The American Journal of Human Genetics 95, 660–674, Decemb43%) higher Ka/Ks values than genes without cis-eQTLs
(or cis-pQTLs) (Figure 4A; Figure S4A), suggesting that
expression and coding constraints evolve in parallel. We
also observed a gradual increase in Ka/Ks across genes
with cis-eQTLs in zero, one, two, or three cell types of
the GenCord collection (Figure S4B). Together with
Figure 3A, this confirms the parallel dynamics of Ka/Ks
and cis-eQTLs. We then split a subset of genes with cis-
eQTLs into weak and strong according to themedian effect
size (0.0152 [fibroblasts], 0.0121 [LCLs], and 0.0118
[T cells]), distal or proximal according to the median dis-
tance of cis-eQTLs to the TSS (85,271 bp [fibroblasts],
75,213 bp [LCLs], and 76,706 bp [T cells]), and lowly or
highly significant according to the median Spearman’s
p value (log10(p value) ¼ 5.5031 [fibroblasts], 5.4810
[LCLs], and 5.6882 [T cells]). We found that genes with
strong, proximal, and highly significant cis-eQTLs had
13%–43% increased Ka/Ks values (Figure 4B). Combined,
these results demonstrate a concordance between expres-
sion and coding constraints of genes. Because gene age is
determined on a scale of hundreds of millions of years,
Ka/Ks is determined on a scale of dozens of millions of
years, and cis-eQTL variants are determined on a scale of
under one million years, we hypothesized that gene age,
through gene-age-dependent factors, influences Ka/Ks
and expression constraints simultaneously and thus
shapes the correlation between them.
In order to test the relationship among gene age, expres-
sion, and coding constraints explicitly, we performed bi-
nary logistic regression, where gene age was coded as 1 if
it was young or middle aged and coded as 0 if it was old.
We merged categories of young and middle-aged genes
given that we considered Ka/Ks values obtained from a
comparison of human and macaque; therefore, Ka/Ks
values were only available for a very small number of
young genes. In our model, gene age was a function of
two variables: Ka/Ks and cis-eQTL significance (see Material
and Methods). For each gene, we estimated the probability
of being young or middle aged as
ln

Pðyoung or middle agedÞ

PðoldÞ
 ¼ aþ b3 ð  log10ðp valueÞÞ
þ g3 ðKa=KsÞ:
(Equation 1)
We observed that both Ka/Ks and log10(cis-eQTL
p value) were significantly associated with gene age (see
Table 1).er 4, 2014
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Figure 4. Coding and Expression Constraints Are Correlated
(A) cis-eQTL genes have higher Ka/Ks values than non-cis-eQTL genes in all three cell types from the GenCord collection.
(B) Properties of cis-eQTLs are associated with Ka/Ks of the affected gene in all three cell types from the GenCord collection: strong
cis-eQTLs (with an effect size higher than the median), proximal cis-eQTLs (whose distance to the TSS is shorter than the median dis-
tance), and highly significant cis-eQTLs (with a log10(p value) higher than the median) affect genes with high Ka/Ks values.
(C) Gene age is significantly associated with both coding (Ka/Ks) and expression (log10(p value)) constraints in all three cell types from
the GenCord collection. Circle size represents the probability that a gene is young or middle aged. Genes with Ka/Ks values of 0 are not
shown.
Box plots do not show all outliers. The box plot whiskers extend to the most extreme data point, which is not greater than 1.53 the
interquartile range from the box. ***p < 0.001, **p < 0.01, *p < 0.05, and ,p < 0.1.It is noteworthy that both b and g coefficients are posi-
tive, indicating that young and middle-aged genes are
characterized by both increased Ka/Ks and highly signifi-
cant cis-eQTLs. The absolute magnitude of the coefficients
revealed that Ka/Ks is about three to four timesmore impor-
tant as a predictor of gene age but that the influence of cis-
eQTL p values is also significant. To visualize the results of
the binary logistic regression, we represented each gene as
a circle in which the center corresponds to the gene-spe-
cific Ka/Ks and cis-eQTL p value and in which the radius
represents the predicted probability that a gene is young
or middle aged (Figure 4C). Our data showed that theThe Americanradius of each circle increased with Ka/Ks and cis-eQTL sig-
nificance (Figure 4C). The associations between expression
and coding constraints (Figures 4A and 4B), and both of
them with gene age (Figure 4C), confirm that overall func-
tional constraints of genes can be driven by gene age. If
gene age is an important determinant of the correlation
between expression and coding constraints, we expect
that this correlation will become significantly weaker after
we control for gene-age effect. Indeed, the magnitude of
Spearman’s rho between Ka/Ks and cis-eQTL significance
(log10(p value)) decreased to 20%–37% after we ac-
counted for the branch of origin of genes: pairwiseJournal of Human Genetics 95, 660–674, December 4, 2014 667
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Figure 5. Gene Properties Are Associated with Gene Age
(A) Estimated for each cell type from the GenCord collection, connectivity of genes in coexpression networks increases with gene age.
(B) Old genes are enriched in genes involved in complex regulatory circuits.
(C) Predicted haploinsufficiency probabilities increases with gene age.
(D) The fraction of connections with haploinsufficient genes increases with gene age.
(E) Distribution of the ratio of variances of mRNA to protein levels for old and middle-aged genes.
(legend continued on next page)
668 The American Journal of Human Genetics 95, 660–674, December 4, 2014
Spearman’s rho values without the effect of gene age were
0.10 (fibroblasts), 0.08 (LCLs), and 0.10 (T cells) (all p <
7.0 3 105), whereas Spearman’s rho values with control
for gene-age effect were 0.08 (fibroblasts), 0.05 (LCLs),
0.08 (T cells) (all p < 0.01).
Gene-Age-Dependent Evolutionary Constraints
In all previous analyses, we used gene age as an evolu-
tionary metric that reflects the level of integration of genes
into the cellular environment. In the following section, we
uncover and describe particular gene-age-dependent prop-
erties that affect gene expression constraints more directly.
It has been shown that young genes have fewer physical
interactions in yeast species33,34 and are regulated by fewer
genes in humans.28 To estimate the level of integration of
each gene product into cellular metabolism, we recon-
structed a gene coexpression network for each cell type of
the GenCord collection, estimated the connectivity of
each gene as the number of genes it is coexpressed with
(see Material andMethods), and then correlated this metric
with gene age. Our analysis showed that the connectivity
increased with gene age.We observed a negative rank corre-
lation between the branch of gene origin and connectivity
(Spearman’s rho < 0.10 and p < 2.2 3 1016 for all
GenCordcell types)andsignificantdifferences inconnectiv-
ity among old,middle-aged, and young genes (p< 0.006 for
all GenCord cell types, Mann-Whitney U test; Figure 5A).
Correspondingly, non-cis-eQTL genes had higher connec-
tivity than cis-eQTL genes (p < 3.9 3 107 for all GenCord
cell types, Mann-Whitney U test; Figure S5A).
Gene expression constraints might depend not only on
the number of coexpressed genes but also on the com-
plexity of gene interactions. By comparing a list of genes
potentially involved in complex regulatory circuits20
with the remaining genes, we observed that genes in-
volved in complex regulatory circuits were enriched
among old genes (Fisher’s odds ratio ¼ 1.82, p ¼ 2.746 3
107; Figure 5B). Using data from the GenCord LCL (the
same cell type that Pai and colleagues20 used to derive
the list of genes involved into complex regulatory circuits),
we demonstrated that genes involved in complex regula-
tion had a deficit of cis-eQTLs (Fisher’s odds ratio ¼ 0.75,
p ¼ 0.0311; Figure S5B) and a lower cis-eQTL effect size
(median effect sizes were 0.008 and 0.013, p ¼ 0.0102,
Mann-Whitney U test; Figure S5C).
We next hypothesized that the increase in gene connec-
tivity and involvement in complex regulatory pathways
could be correlated with haploinsufficiency. Haploinsuffi-
ciency is defined as the occurrence of abnormal pheno-
types when only one functional gene copy is present.
Thus, haploinsufficiency is directly related to gene expres-(F) The ratio of variances of mRNA to protein levels tends to be high
(G) Gene expression heritability, derived for three tissues of the Mu
plotted for each gene-age category.
Box plots do not show all outliers. The box plot whiskers extend to
interquartile range from the box. ***p < 0.001, **p < 0.01, *p < 0.05
The Americansion constraints. Using the predicted haploinsufficiency
probabilities of human genes,35 we found that the proba-
bility of being haploinsufficient was indeed higher for
old genes: there was a negative rank correlation between
the branch of gene origin and the predicted haploinsuffi-
ciency (Spearman’s rho ¼ 0.37, p < 2.23 1016; pairwise
differences in haploinsufficiency among old, middle-aged,
and young genes were significant: all p < 2.4 3 106,
Mann-Whitney U test, Figure 5C). Additionally, we found
that haploinsufficiency probabilities were higher for non-
cis-eQTL genes than for cis-eQTL genes for all cell types
of the GenCord collection (p< 1.33 105, Mann-Whitney
U test; Figure S5D).
Estimated haploinsufficiency depends on four variables:
network proximity of a given gene to annotated haploin-
sufficient genes, expression level during embryogenesis,
Ka/Ks, and connectivity.
35 For two of the four traits (Ka/Ks
and connectivity), we have already shown associations
with gene age (Figures 4C and 5A); thus, the correlation be-
tween haploinsufficiency and gene age (Figure 5C) cannot
be considered a completely new and independent finding.
Therefore, we also analyzed the network proximity to hap-
loinsufficient genes, which is themost important predictor
for haploinsufficiency probabilities.35 Using a large coex-
pression database (COXPRESdb21) and a list of human hap-
loinsufficient genes,22 for each gene we derived the total
number of coexpressed genes, the number of coexpressed
haploinsufficient genes, and the fraction of haploinsuffi-
cient genes among all coexpressed genes (see Material
and Methods). Using a negative rank correlation between
the branch of gene origin and total connectivity, we found
that the total connectivity was higher for old genes (p <
2.23 1016 and Spearman’s rho¼0.15) and observed sig-
nificant differences in connectivity between old, middle-
aged, and young genes (all p < 8.63 105, Mann-Whitney
U test; Figure S5E). The connectivity with haploinsufficient
genes also increased with gene age. We observed a negative
rank correlation between the branch of gene origin and
connectivity with haploinsufficient genes (p < 2.2 3
1016, Spearman’s rho¼0.18) and significant differences
in connectivity to haploinsufficient genes between old,
middle-aged, and young genes (all p < 0.0004, Mann-
Whitney U test; Figure S5E). Importantly, the fraction of
connections to haploinsufficient genes also increased
with gene age, which was demonstrated by (1) a negative
rank correlation between the branch of gene origin and
the fraction (p < 2.2 3 1016, Spearman’s rho ¼ 0.16),
(2) significant differences in the fractions between old
and young genes (p < 2.2 3 1016, Mann-Whitney U
test; Figure 5D) and between old and middle-aged genes
(p < 2.2 3 1016, Mann-Whitney U test; Figure 5D), ander for old genes than for middle-aged genes.
THER data set, increases with gene age. The mean heritability is
the most extreme data point, which is not greater than 1.53 the
, and ,p < 0.1.
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Figure 6. The Model of Increased Expression Constraints
Expression constraints of genes increase with gene age and are
driven by increased connectivity, involvement in complex regula-
tory networks, haploinsufficiency, and posttranscriptional modifi-
cations. Both environmental and genetic components of variation
in expression level diminish with gene age, reflecting an increase
in gene expression constraints. The genetic component of expres-
sion variation based on common cis-eQTLs diminishes with gene
age. The dynamic of rare cis-eQTLs and trans-eQTLs with gene age
is still unknown and is represented as a rectangular gray dashed
section. The scheme also emphasizes the increased heritability of
old genes: [Va / (Va þ Ve) for old genes] > [Va / (Va þ Ve) for young
genes].(3) a marginally significant difference between middle-
aged and young genes (p ¼ 0.054, Mann-Whitney U test;
Figure 5D). This reveals that, in parallel with the increase
in the total number of connections, the fraction of connec-
tions with haploinsufficient genes also increases with gene
age and thus multiplies expression constraints of old
genes.
Using available data comprising both the mRNA expres-
sion levels and protein levels for more than 3,000 genes,17
we investigated the additional contribution of posttran-
scriptional constraints, which can be derived as the ratio
of coefficients of variation on mRNA and protein levels.
First, we noticed that the variation in the expression level
of proteins was lower than the variation in the mRNA
expression level—the log2 ratio of the coefficients of varia-
tion of mRNA to protein levels was significantly higher
than expected (observed median ¼ 1.63, expected mu ¼
0, p< 2.23 1016,Wilcoxon test; Figure 5E). This is consis-
tent with protein expression buffering due to the stronger
evolutionary constraints acting on protein than on mRNA
levels.17 Because there are no young genes in the data set of
Khan et al., we compared old and middle-aged genes
(marked by gray and biege, respectively, in Figure 5E). We
noted that the median ratio for middle-aged genes was
marginally significantly smaller than the median ratio for
old genes (1.29 versus 1.64, p ¼ 0.07, Mann-Whitney U
test; Figures 5E and 5F). We hypothesized that the strength670 The American Journal of Human Genetics 95, 660–674, Decembof buffering can increase with gene age as a result of the
acquisition of additional posttranscriptional constraints.
To test this hypothesis, we split the distribution of log2
ratios (Figure 5E) into 643 bins (five genes in each bin) or-
dered from left to right. We estimated the probability of
finding at least one middle-age gene in each bin as a func-
tion of the numerical order of the bin (1–643). Using logis-
tic regression (the ‘‘glm’’ function in R), we found that the
probability significantly (p ¼ 1.94 3 107) decreased from
50% (an average of onemiddle-aged gene per ten genes) on
the left side of the distribution to 35% (an average of one
middle-aged gene per 15 genes) on the right side of the dis-
tribution. Thus, using a relatively small subset of genes
with information on both mRNA expression levels and
protein levels, we revealed a significant trend suggesting
that posttranscriptional modifications becomemore abun-
dant and stronger with gene age.
So far, we have demonstrated that the regulation of the
expression level of old genes is more constrained, suggest-
ing that the expression level of old genes is less affected
by segregating regulatory variants. To compare the relative
impact of genetic and environmental factors on variation
of the expression level of different genes, we analyzed the
narrow-sense heritability of gene expression, which was
estimated in three tissues of 856 female twins from the
MuTHER project:36 h2¼Va / (VaþVe), where Va is the addi-
tive genetic component and Ve is the environmental
component of variation in gene expression. For all three tis-
sues of theMuTHER data set, we observed a strong increase
in gene expressionheritabilitywith gene age (negative rank
correlation between the branch of gene origin and herita-
bility: all p < 2.0 3 1016, all Spearman’s rho < 0.09,
Figure 5G). This result is compatible with recently demon-
strated increased heritability of housekeeping (i.e., older)
versus nonhousekeeping (i.e., younger) genes.37,38 The
high heritability of old genes (Figure 5G) together with
the low total variation in expression level of old genes
(Va þ Ve; Figure S1A) can be explained by the decreased ef-
fect of environment on the expression level of old genes
(Ve; Figure 6). It is important to emphasize that heritability
is based on all genetic variants segregating in a population
(common cis-eQTLs with MAF > 5%, rare cis-eQTLs with
MAF < 5%, and trans-eQTLs), among which trans-eQTLs
are the main determinants of the heritability.36 In this
study, we only analyzed common cis-eQTLs and demon-
strated that the genetic component of variation based on
these cis-eQTLs is increased in young genes. The impact
of rare cis-eQTLs and trans-eQTLs on the genetic compo-
nent of variation of old and young genes is still unknown
and could be the subject of future investigations (gray
dashed line in Figure 6).Discussion
In this study, we investigated changes in human gene
expression constraints in the context of age of gene origin.er 4, 2014
We have shown that (1) young genes have an excess of cis-
eQTLs and cis-pQTLs (Figure 1; Figure S1D), (2) cis-eQTLs
of young genes are stronger, located closer to the TSS,
andmore significant than cis-eQTLs of old genes (Figure 2),
and (3) compared to cis-eQTLs of old genes, cis-eQTLs of
young genes affect different tissues (Figure 3), are present
in more populations (Figure S3), and involve older derived
alleles. We conclude that all of these properties of cis-
eQTLs mark low expression constraints of young genes
and that the loss of cis-eQTLs with gene age reflects an in-
crease in expression constraints throughout the lifespan of
each gene.
It has been shown previously that the time of gene
origin is associated with many functional traits of eukary-
otic genes.39,40 In summary, all previously published
studies demonstrate that gene age is associated with the
strength of purifying selection acting on gene coding con-
straints, gene expression constraints, and the correlation
of these constraints. The coding constraints of young
genes are more relaxed, leading to fast26,29,41 and vari-
able25,42 rates of sequence evolution of young genes. The
expression constraints of genes were investigated with
gene duplicates, which are the most common mechanism
of origin of new genes. It has been concluded that the
dosage-balanced hypothesis43 determines the main selec-
tion forces influencing fixation of gene duplications.44,45
For example, dosage-sensitive genes, which include those
encoding transcription factors, are retained after whole-
genome duplications but tend to be lost after small-scale
duplications.46–48 In mammals, interspecies expression
divergence also tends to be lower in highly expressed and
tissue-specific genes.49 The correlation between coding
and expression constraints and the main causative factors
driving this correlation is a long-standing puzzle.50,51 In
yeast, both expression and coding divergences increase af-
ter gene duplication,52 supporting the observation that
expression similarity and the fraction of shared eQTLs
decrease with the age of duplicated genes.53 The strong
and stable correlation between interspecies expression
divergence and interspecies sequence divergence has also
been described in mammals,51,54 and it has been suggested
that the correlation could at least partially represent a
default evolutionary state.51
Our results complement and extend previous findings
toward the level of genetic polymorphisms. We demon-
strate that expression constraints increase with gene age
and contribute to the congruent evolution between cod-
ing and expression constraints. Because gene age is as-
sociated with both coding and expression constraints
(Figure 4), we propose that the correlation between cod-
ing and expression constraints can be maintained by
age-dependent purifying selection, which affects both
types of constraints simultaneously. Thus, gene age can
be an evolutionary proxy for the level of functional con-
straints of a gene. Taking into account our own results
and the results of other studies elucidating associations
between gene age and expression level,29 between geneThe Americanage and coding constraints,26 between connectivity and
coding constraints,55,56 and between gene age and con-
nectivity,28 we propose an integrative point of view that
gene age shapes all of these correlations. To infer the di-
rection of causality, we can use the time scales of different
analyzed traits, among which gene age is the oldest vari-
able and is thus most likely the causative one. To test
whether the correlation between gene age and two key
variables (Ka/Ks and connectivity) persists after the consid-
eration of gene expression level,57 we performed partial
Spearman correlations (see Material and Methods) and
observed that gene age continues to affect these variables
(Figure S6).
Given that gene expression constraints, estimated from
human polymorphisms (with the average age of variants
under one million years), reflect the time of origin of genes
(with timescales of dozens or hundreds of million years),
we can conclude that the acquisition of new functional
constraints is a very long process that has most likely not
reached its limit, even for the oldest human genes.28 To
pinpoint the driving factors, we demonstrated that gene
connectivity, gene involvement in complex regulatory
networks, network proximity to haploinsufficient genes,
and the strength of posttranscriptional regulation increase
with gene age (Figure 5). This provides a mechanistic
explanation for the model of increased expression con-
straints (Figure 6). The increased heritability of the expres-
sion level of old genes (Figure 5G), which implies a reduced
effect of environmental factors on the expression level of
old genes, further supports the model of increased expres-
sion constraints.
Interestingly, the expression of young genes is less con-
strained not only among different individuals of the
same developmental stage, as demonstrated in our study,
but also among different developmental stages. Recently,
Domazet-Loso and Tautz40 demonstrated that changes in
the transcriptome during ontogeny are mainly driven by
young genes and that the expression of old genes is more
or less stable across all ontogenetic stages. The oldest tran-
scriptome is expressed during the most critical and
conserved stage of ontogenesis, whereas reproductively
active animals show the youngest transcriptome. Recent
findings showing a positive correlation between the
earliest expression stage during development and expres-
sion divergence51 can also be explained by gene age, given
that young genes tend to be expressed later and have less
constrained, and therefore more divergent, expression
levels.
Because the distribution and properties of cis-eQTLs can
be explained by purifying selection, which is stronger for
old genes, cis-eQTLs could be considered a class of slightly
deleterious regulatory variants. The excess of such variants
in young genes demonstrated here and the excess of com-
plex human diseases associated with genes of recent
origin58 could explain the significant overlap between
cis-eQTL genes and genes associated with complex human
diseases.59–61 The high susceptibility of young genes toJournal of Human Genetics 95, 660–674, December 4, 2014 671
slightly deleterious regulatory and coding variants might
provide evidence that young genes have an increased
mutational load and therefore cumulatively affect human
fitness more significantly than old genes.Supplemental Data
Supplemental Data include six figures and can be found with this
article online at http://dx.doi.org/10.1016/j.ajhg.2014.11.003.
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